High resolution infrared spectra of clusters containing paraH 2 and/or orthoH 2 and a single nitrous oxide molecule are studied in the 2225 cm -1 region of the ν 1 fundamental band of N 2 O. The clusters are formed in pulsed supersonic jet expansions from a cooled nozzle and probed using a tunable infrared diode laser spectrometer. The simple symmetric rotor type spectra generally show no resolved K-structure, with prominent Q-branch features for orthoH 2 but not paraH 2 clusters. The observed vibrational shifts and rotational constants are reported. There is no obvious indication of superfluid effects for paraH 2 clusters up to N = 13. Sharp transitions due to even larger clusters are observed, but no definite assignments are possible. Mixed (paraH 2 ) N -(orthoH 2 ) M -N 2 O cluster line positions can be well predicted by linear interpolation between the corresponding transitions of the pure clusters.
INTRODUCTION
Recently it has been shown that high resolution infrared spectra can be observed and assigned for small helium atom or hydrogen molecule clusters containing a single chromophore molecule. So far, helium clusters are more thoroughly studied, with a number of chromophores being utilized (OCS, N 2 O, CO 2 , and CO) [1] [2] [3] [4] [5] [6] [7] , and analogous microwave spectra also being detected in some cases. It is thus possible to extend previous helium nanodroplet isolation spectroscopy (HENDI) results [8] [9] [10] which involved cluster sizes of N ≈ 10 3 to 10 4 , to the regime of small clusters with N ≈ 2 to 20.
In the case of hydrogen clusters, we previously reported spectra of (paraH 2 ) N -CO with N = 2 to 14, 11 and of (paraH 2 ) N -, (orthoH 2 ) N , and (HD) N -OCS with N = 2 to 7. 12 In general, it * Current address: Department of Chemistry, Faculty of Science, Okayama University, 3-1-1 Tsushima-naka, Okayama 700-8530, Japan.
has proven more difficult to pursue spectroscopic observations to larger N-values with hydrogen than with helium. But hydrogen introduces novel aspects to these cluster studies, such as the availability of different forms (paraH 2 , orthoH 2 , HD, etc.), the presence of unquenched rotational angular momentum for orthoH 2 , the possibility of observing mixed clusters (containing various forms of hydrogen and/or helium), and even the possible chance of observing superfluid effects in finite size paraH 2 clusters. 13, 14 A further reason for interest in hydrogen clusters is the possibility of comparisons with matrix isolation spectra obtained with solid hydrogen. 15 For (hydrogen) N -OCS, simple symmetric rotor type spectra without resolved Kstructure were observed. 12 Prominent Q-branch features were present for orthoH 2 and HD, but absent for paraH 2 . The vibrational shifts and rotational parameters continued trends previously observed 16 for the binary complexes (with N = 1), but there was no evidence for decoupling of the rotational motion, as observed in He clusters, [5] [6] [7] which could be attributed to the onset of superfluid behavior. The present paper reports infrared spectra of (hydrogen) N -N 2 O clusters, as observed in the 2225 cm -1 region of the ν 1 fundamental band of N 2 O. Since OCS and N 2 O are members of the same 'carbon dioxide molecular family,' the present results are somewhat similar to those of Ref. 12 , for example the absence/presence of strong Q-branch features for paraH 2 /orthoH 2 . Fortunately, in the present case it has been possible to detect spectra for larger clusters, especially for (paraH 2 ) N -N 2 O where assignments are possible up to about N = 13 and lines can still be observed up to N ≈ 20.
H 2 is lighter than He, but intermolecular forces involving H 2 are usually stronger, so that quantum effects tend to be less significant in hydrogen clusters. Nevertheless, the hunt for possible superfluidity in paraH 2 clusters has motivated a number of recent experiments involving (hydrogen) N -OCS clusters embedded within He nanodroplets and corresponding calculations. [20] [21] [22] Helium nanodroplets have also been used 19 to isolate small (HD) N -HCN clusters. Pure hydrogen clusters are of considerable interest, but more difficult to observed spectroscopically: infrared spectra of hydrogen dimers, (H 2 ) 2 , are well known, 24 calculations on hydrogen trimers, (H 2 ) 3 , have been reported, 25 and larger clusters have recently been observed by Raman spectroscopy. 26 Hydrogen molecules have two nuclear spin states, para with resultant spin zero, and ortho with resultant spin one. Symmetry allows only even values of rotational angular momentum for paraH 2 , and only odd values for orthoH 2 . In the present experiment, all paraH 2 molecules have J = 0, and all orthoH 2 have J = 1, because the effective rotational temperature is low (< 1 K). This rotational quantum number tends to remain 'good' even in a cluster, that is, H 2 rotates almost freely. So paraH 2 molecules are effectively spherical. At room temperature, normal H 2 is composed of 25% para and 75% ortho and this ratio persists in a supersonic expansion, since spin conversion is slow. However, it is relatively easy to prepare almost pure paraH 2 in the laboratory, as we have done here.
II. RESULTS

A. Experimental details
The apparatus has been described previously. 2, 4, 27 A pulsed supersonic expansion was probed by a tunable diode laser operating in a rapid-scan signal averaging mode. A room temperature N 2 O gas cell and temperature-stabilized solid Ge etalon were used for wavenumber calibration. Slit-and pinhole-shaped orifices were used with the cooled jet nozzle, the slit giving sharper spectral lines and the pinhole giving lower temperatures and more clustering. The expansion gas mixture was mostly helium with 1 to 3% hydrogen and <0.01% N 2 O. ParaH 2 was prepared in batches by liquefying hydrogen in the presence of a catalyst, and then mixed with the other gases as described previously. Even in the bottom trace of Fig. 1 , a couple of weak new lines also appear which can readily be assigned as R(0) of (paraH 2 ) 2 -N 2 O and (paraH 2 ) 3 -N 2 O (marked 2R(0) and 3R(0)). As the pressure is increased further, additional lines appear due to larger clusters, with assignments as indicated. The 4R(0) and 5R(0) lines are almost coincident, so that they are not easily resolved in the pinhole jet spectra. But fortunately they can be clearly distinguished in the slit jet spectra. The series turns around and there is then a rather large gap before 6R(0) appears (this was also the case for (paraH 2 ) N -OCS), 12 followed by 7R(0) and 8R(0) moving to lower wavenumbers. There is a complication for 6R(0) in that the single moderate-strength line in the pinhole jet spectra appears to fragment into a number of components in the betterresolved slit jet spectra. This point is discussed further in Sec. III.A. below.
The further evolution of the spectrum with increased clustering is shown in Fig. 2 . This and subsequent figures were recorded with a partly-skimmed pinhole nozzle arrangement (not yet optimized) which combines some of the advantages of the pinhole and slit configurations. The assigned R(0) features for N = 8 -11 are quite evenly spaced, although 9 and 10 are weaker and 10 is somewhat overlapped by other lines. Subsequently, the R(0) lines marked 11, 12, and 13 are stronger and more clearly resolved. Overall, the assignments up to this point are reasonably unambiguous, though of course this judgment requires very careful examination of these and many other spectra. Most of the strong and medium features in the spectra can be explained, and virtually all expected lines can be accounted for (though they may be obscured by stronger lines). The collected assignments for (paraH 2 ) N -N 2 O clusters are listed in Table I .
What about even larger clusters, with N > 13? Figure 3 shows the results of moving to higher backing pressures with a cold (-92 C) nozzle. Another regularly spaced line appears which we can assign to 14 R(0), but then about 8 to 10 lines appear with little apparent regularity in the region from 2223.0 to 2223.3 cm -1 , including a particularly prominent one at 2223.243 cm -1 . Finally, in the top traces of Fig. 3 , further clustering is manifested by the disappearance of these sharper lines and the appearance of a strong broad feature centered at about 2223.10 cm -1 with an overall width of about 0.2 cm -1 . Interestingly, some residual structure (widths ≈ 0.01 cm -1 ) persists on the broad peak. There also seems to be a weaker, but equally broad feature centered at about 2223.48 cm -1 . Spectra recorded in the region below 2222.8 cm -1 (not shown here) show no further structure. So we can speculate that (paraH 2 ) N -N 2 O clusters have a reasonably regular spectral structure up to about N = 15, followed by a range from about N = 15 to 25 where the R(0) lines are still sharp (<0.004 cm -1 ) but their positions are irregular. Then for N greater than about 25 the R(0) lines become broader (or at least so closely spaced that they are not resolved) and mostly coalesce around 2223.1 cm -1 . Further discussion of larger clusters is given in Sec. III.C. below.
We knew 16 that the binary orthoH 2 -N 2 O complex exhibits a larger vibrational shift (+0.624 cm -1 ) than does paraH 2 -N 2 O (+0.226 cm -1 ). Thus we expected the first few R(0) lines of (orthoH 2 ) N -N 2 O to spread out considerably more than those of (paraH 2 ) N -N 2 O, since these lines tend to form a regular series for N = 1 to 4 or 5. This was indeed the case, as is shown in 0). This difference between ortho and para clusters is a nuclear spin statistical effect, as discussed below.
The measured wavenumbers of the (orthoH 2 ) N -N 2 O cluster transitions are listed in Table II . We consider there assignments to be fairly reliable up to and including N = 6. For N = 7 (not shown in Fig. 4 ), they are less certain, but seem quite reasonable; one difficulty is that each of the N = 7 lines is only partly resolved from a stronger neighbor. We did not observe any evidence for larger orthoH 2 clusters.
D. Mixed clusters
We observed a considerable number of features which could be assigned to mixed (paraH 2 ) N -(orthoH 2 ) M -N 2 O clusters. Some of these were apparent even when using fresh paraH 2 in the expansion gas mixture, as the outnumbered but stickier orthoH 2 molecules attempted to dominate, and others were apparent when using normal H 2 . We also made systematic investigations by adding small amounts of normal H 2 to paraH 2 samples in order to help to confirm and extend the assignments.
As an example, Table III 12 This is shown in the last column of Table III . For cluster size (N + M) = 5, we noted a small systematic variation from this linearity, with the residuals (obs − calc) in Table III being equal to +0.012, +0.020, +0.021, +0.013 cm -1 for the clusters with (N, M) = (4,1), (3,2), (2,3), and (1,4) , respectively.
Some transitions other than R(0) were also observed for the mixed clusters, but we do not have enough of these for a detailed analysis. The problem is that we rapidly reach a 'confusion limit' due to the overlapping of lines and the dilution of intensity from the abundance of possible mixed species.
III. ANALYSIS and DISCUSSION
A. Nature of the spectra As in the case of (H 2 ) N -OCS, 12 the present paraH 2 clusters do not exhibit prominent Qbranch features. In contrast, the strong Q features observed in the orthoH 2 spectra indicate the presence of higher K-values. The difference between the para and ortho clusters is due to nuclear spin statistics. Briefly, most paraH 2 clusters are in K = 0 levels, for which Q-branches are not allowed, because energetically accessible K ≠ 0 states are symmetry-forbidden due to the zero resultant nuclear spin of paraH 2 . The relative intensities of the various observed transitions are very different for the para and ortho clusters, but they follow closely the trends observed for (H 2 ) N -OCS and can be explained in exactly the same terms (see Sec. III.B. of Ref.
12).
Clusters with N = 2 are a special case, since they must be asymmetric rotors. We noted the presence of some broad unresolved structure around 2224.2 cm -1 which may be due to Qbranch transitions of (paraH 2 ) 2 -N 2 O -this is indicated on Fig. 2 . In the case of (orthoH 2 ) 2 -N 2 O, there is a Q-branch with some partly resolved structure (see Fig. 4 ), and moreover there may be substructure on the R(0) and R(1) transitions (satellite features at 2225.524 and 2226.025 cm -1 , respectively, also apparent in Fig. 4 ). In the simpler case of He 2 -N 2 O it has recently been possible to make a detailed experimental and theoretical energy-level analysis; 28 we can expect that a similar detailed analysis should be possible for (H 2 ) 2 -N 2 O in the future.
As mentioned above, the (paraH 2 ) 6 -N 2 O cluster posed a problem in that its R(0) transition, which was a single line in pinhole jet spectra (colder but lower resolution), seemed to split into two or more weaker components in slit jet spectra. It was difficult to tell whether this was also the case for other transitions of (paraH 2 ) 6 -N 2 O since they were weak at best and sometimes obscured by other lines. The apparent splitting of R(0) could be an artifact of spectral resolution, that is, the same components were present in the pinhole spectrum, but just not resolved. Or it could be a real effect of temperature, that is, very low-lying energy levels became populated in the warmer slit jet spectrum, leading to multiple R(0) lines. Experimentally, the latter possibility seems more likely, but it is difficult to be sure. Either way, we speculate that N = 6 may also be a special case, in which a single H 2 molecule has been added to a stable "core" (namely the N = 5 cluster, with its filled donut ring -see below). In this "core plus single particle" model, the N = 6 cluster is more likely to act like an asymmetric rotor (for example, with distinct a-and b-type R(0) transitions) and/or more likely to have very low frequency vibrational modes (which would be populated in the slit jet, but not pinhole jet, spectra).
B. Fitted parameters
Due to the very simple nature of most of the spectra (no resolved K-structure) it was possible to analyze them using a simple linear molecule energy level expression,
2 . Table IV shows the results of fitting this expression to the line position data of Tables I and II. These parameters are mainly intended for purposes of intercomparison, rather than detailed analysis, since (for one thing) we know little about the detailed rotational energy level structure of these clusters. Thus in most cases the upper and lower state B-values were constrained to be equal, and the parameter uncertainties are not quoted here (these would be almost meaningless because of the limited data and our ignorance of the true Hamiltonian).
The variation in the band origins for the (H 2 ) N -N 2 O clusters from Table IV is illustrated in Fig. 5 , which also shows for comparison the data for He N -N 2 O. 5 For N = 1 to 4, the hydrogen (and helium) clusters show an trend of almost linear vibrational blue shifts, though the magnitude of the shift is more than twice as large for orthoH 2 as for paraH 2 and He. Then in going from N = 4 to 5, there are significant reductions in the shift rate for para and orthoH 2 (more so for para), and only a slight reduction for He. For paraH 2 and He the vibrational shift turns around in going from N = 5 to 6, and the trend is then uniformly negative. The same turnaround also happens for orthoH 2 , but not until above 6. These vibrational shift trends can be explained by the 'donut' model, in which the first 5 or so H 2 molecules (or He atoms) form a ring around the N 2 O in the energetically favored T-shaped configuration. When the ring is filled, the subsequent H 2 molecules must then occupy locations closer to the ends of the N 2 O, where they have a net red shifting effect. The present results appear to indicate that 4 paraH 2 molecules almost fill the donut ring, so that the ring diameter is forced to increase and/or the fifth hydrogen starts to spill out of it. In contrast, with (He) N -N 2 O clusters, 5 atoms are close to a perfect fit. 5 We can naively suggest that H 2 is larger than He, so that slightly fewer are able to fit into the donut. The behavior of orthoH 2 is similar, but the turnaround is less sharp. A possible rationalization for this is to note that the initial blue shift rate for orthoH 2 is so large that it simply takes longer to overcome it and finally begin the red shift.
The vibrational shifts observed previously 12 for (hydrogen) N -OCS clusters are different than those seen here in that they are uniformly negative (i.e. red shifts). But there are also strong similarities, with an almost linear slope for N = 0 to 5, followed by a change to a more negative slope. In a further similarity, the (orthoH 2 ) N -OCS clusters are always more blue shifted than (paraH 2 ) N -OCS (c.f. Fig. 5 
of Ref. 12).
The variation of the rotational constant with cluster size is shown in Fig. 6 . Both paraH 2 and orthoH 2 clusters show a monotonic decrease in B, with the orthoH 2 B-values being uniformly somewhat smaller. This difference, also observed for (H 2 ) N -OCS clusters, 12 means that an orthoH 2 cluster of a given size has a larger rotational moment of inertia than the corresponding paraH 2 cluster. Thus the orthoH 2 molecules must be further away from the N 2 O, even though they are more strongly bound to it (i.e. orthoH 2 is larger and stickier than paraH 2 ). The monotonic decrease in B stands in contrast to (He) N -N 2 O clusters, where a turnaround in B is observed 5 for N > 6. The absence of a turnaround in Fig. 6 indicates that we have no obvious evidence for superfluid type behavior for (paraH 2 ) N -N 2 O clusters. The Bvalue for (paraH 2 ) 5 -N 2 O is a bit higher than would be expected on the basis of the remainder of the curve in Fig. 6 . To a lesser extent, the same is true for (orthoH 2 ) 5 -N 2 O, and indeed for the (H 2 )-OCS clusters 12 with N = 5. It is also evident in theoretical simulations of (paraH 2 ) N -OCS. 23 We can take this as additional evidence for the special nature of the N = 5 clusters, with their filled donut ring. There is no room left in the ring for the sixth added H 2 molecule, which is forced to locate farther from the cluster center of mass, giving a larger increase in moment of inertia.
C. Larger paraH 2 clusters (N > 10)
It is apparent from Fig. 3 that something happens to (paraH 2 ) N -N 2 O as the cluster size reaches about 15 or 16. The vibrational shifting stops (or slows down), the regularity of the R(0) line progressions ends, and the lines begin to broaden. Maybe these changes are related to the completion of the first solvation shell of paraH 2 molecules around the N 2 O. At this point, H 2 -H 2 interactions would start to become more important than H 2 -N 2 O interactions. Different isomers might become possible, leading to fragmentation of the spectrum, and eventually the clusters might show crystalline, rather than liquid-like, characteristics. Alternately, the confusion around N = 15 could be a manifestation of an onset of superfluid effects: this explanation is supported by the very recent theoretical simulations of (paraH 2 ) N -OCS clusters by Paesani et al., 23 which show a generally monotonic decrease in B-value with N except for a slight bump at N = 10 and a larger bump at N = 14, 15. The existence of a similar B-value bump in the present case could help to explain the break in the R(0) series around N = 15.
Thinking in terms of the limit of very large N, a study of the spectrum of N 2 O isolated in a paraH 2 matrix would be very interesting for comparison with Fig. 3 .
IV. CONCLUSIONS
In the face of the somewhat similar behavior of the paraH 2 and orthoH 2 clusters, it is easy to forget that each orthoH 2 molecule has rotational angular momentum, J = 1. Most differences between para and ortho clusters can be explained by nuclear spin effects, not rotational angular momentum, as shown by spectra of (HD) N -OCS. 12 We have previously posed the question of what "happens to" this angular momentum in orthoH 2 -containing complexes or clusters, and we still don't have an answer. For some binary complexes like orthoH 2 -N 2 O, the angular momentum "mysteriously disappears" (in that the observed spectrum is similar to paraH 2 -N 2 O), 16 whereas for others, like orthoH 2 -CO 2 , it "reappears" (the spectrum is very different from paraH 2 -CO 2 ). 29 In the case of a larger cluster like (orthoH 2 ) 7 -N 2 O, it is daunting to try to imagine the fate of all those J = 1 angular momentum vectors! This paper has reported high resolution infrared spectra of hydrogen clusters seeded with a single nitrous oxide chromophore molecule. These spectra accompany the ν 1 fundamental band of N 2 O near 2225 cm -1 , and were recorded using a rapid-scan tunable diode laser system to probe a pulsed supersonic jet expansion. Cluster sizes up to N = 7 for (orthoH 2 ) N -N 2 O, and up to N = 13 for (paraH 2 )-N 2 O, were analyzed, and even larger paraH 2 cluster transitions were readily apparent but not easily assigned. The observed spectra generally had a very simple P-, Q-, R-branch structure, with prominent Q features for orthoH 2 but not paraH 2 . Mixed clusters containing both paraH 2 and orthoH 2 were also observed with line positions that could be accurately predicted by linear interpolation between those of the same-sized pure clusters. The derived vibrational band origins showed an initial blue shift up to N = 5 or 6, corresponding to filling of an equatorial "donut ring" around the N 2 O, with a magnitude which was considerably greater for the orthoH 2 clusters. This was followed by a red-shift as subsequent H 2 molecules were forced to locate closer to the ends of the N 2 O. The derived rotational constants showed a monotonic decrease, with a slight kink at N = 5 giving evidence of this cluster's compact size and greater stability. Generally speaking, the present results are similar to those reported for (H 2 ) N -OCS, and they bring us close to the region (N ≈ 15) where certain superfluid effects are predicted 23 c D was constrained to this value. Fig. 1 . Observed infrared spectra of (paraH 2 ) N -N 2 O clusters. Digits preceding the rotational assignments give the cluster size, N, so that 3 R(0) is the J = 1←0 transition of (paraH 2 ) 3 -N 2 O. The top 3 traces are taken with a pinhole jet nozzle, and the bottom 3 with a slit nozzle; within these groups the traces are arranged from bottom to top in order of increasing backing pressure. The symbol 1# indicates a line of orthoH 2 -N 2 O, and 'm' indicates a mixed (paraH 2 /orthoH 2 ) cluster (see text). 
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